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A B S T R A C T 
Young trees transplanted from nursery into open field require a minimum amount of soil moisture to suc-
cessfully root in their new location, especially in dry-climate areas. One possibility is to obtain the 
required water from air moisture. This can be achieved by reducing the temperature of a surface below 
the air dew point temperature, inducing water vapor condensation on the surface. The temperature of a 
surface can be reduced by applying the thermoelectric effect, with Peltier modules powered by electric-
ity. Here, we present a system that generates electricity with a solar photovoltaic module, stores it in a 
battery, and finally, uses the electricity at the moment in which air humidity and temperature are opti-
mal to maximize water condensation while minimizing energy consumption. Also, a method to reduce 
the evaporation of the condensed water is proposed. The objective of the system is to sustain young 
plants in drier periods, rather than exclusively irrigating young plants to boost their growth. 
1. Introduction 
In dry-climate areas, transplanting of young container trees from 
the nursery into commercial orchards faces a critical period during 
the weeks following the transplant date. A minimum amount of rain-
fall or irrigation water is required to avoid transplanting shock, i.e. 
the plant roots successfully in its new location. Ideally, in non-irri-
gated orchards the transplant date should be matched to the value 
of the soil water reserve. However, sometimes the choice of trans-
plant date is not possible. During drier periods the soil water reserve 
is negligible, so the value of the irrigation water requirement is given 
by the crop evapotranspiration (ETC). 
ETC can be defined as the total amount of water lost in a plant as 
a result of two separate processes: evaporation and transpiration. 
The evaporation process occurs in the surface of the water of the 
soil. Water is also lost from the crop by transpiration trough plant 
stomata. Evaporation and transpiration occur simultaneously and 
there is no easy way of distinguishing between the two processes. 
When the crop is small, water is predominantly lost by soil evapo-
ration, but once the crop is well developed and completely covers 
the soil, transpiration becomes the main process (FAO, 1998). 
Conventional irrigation methods use rainfall after is has infil-
trated in the ground, using underground water or water from 
streams and rivers (Prinz, 2002). Another source of irrigation water 
is treated domestic and industrial non-toxic wastewater. Further-
more, we can consider a 'non-classical' water source, viz. air mois-
ture. The moisture from the air can be obtained by three main 
methods: cooling a surface below the dew point, using a solid or 
liquid desiccant or controlling the air convection inside a tower 
(Wahlgren, 2001). Air moisture harvesting can be subdivided into 
fog harvesting and dew harvesting. Fog water collection by trees 
(Gioda et al., 1992) or by synthetic nets is very useful in the low 
mountain regions close to the ocean, such as the Canary Islands. 
Likewise, fog harvesting is an important source of water supply 
in some rural areas of Nepal (NEWAH, 2005). 
Dew can be defined as atmospheric water vapor condensation. 
It is a weather phenomenon that occurs spontaneously in nature, 
and it requires a cold surface, cooler than the surrounding air. A 
requisite for dew formation is a drop in temperature below the 
so-called dew point temperature. The formation of dew requires a 
cold surface, however 100% air humidity is not necessary. In fact, 
dew is common even in the drier zones of our planet (Nikolayev 
et al., 1996). Dew point temperature depends not only on air 
humidity but also on air temperature. In the Canary Island of Lan-
zarote there is a traditional growing system for vineyards. The indi-
vidual plants are grown in shallow depressions or holes dug in the 
ground which apart from protecting the plant from the dry Sahara 
desert wind, favors dew condensation. In a study conducted by 
Jacobs et al. (2006), dew was observed to contribute about 4.5% 
of the mean annual precipitation in the Wageningen University 
(Netherlands). 
By mimicking Nature, it is possible to design passive dew con-
densers to promote atmospheric water vapor condensation without 
using any external energy. Some examples of passive dew con-
densers can be found in the literature (Nilsson, 1996; Muselli 
et al., 2002). All these devices try to optimize the passive dew con-
denser design in order to maximize dew collection. The tempera-
ture of a passive condensing surface depends on several factors. 
For example, heat exchanges can take place by conduction with 
the ground or the atmosphere itself and through radiation. The 
present condensation process must also be taken into account, 
accompanied by latent heat production that increases the temper-
ature of the passive condensing surface. Radiative exchanges have 
two antagonist actions: heating (by solar radiation) and cooling 
(primarily in the infrared field). During the day, the heating pre-
vails over the cooling. At night, the reverse is true and the passive 
condensing surface cools down (Beysens and Milimouk, 2000). 
When passive dew condensation occurs in a greenhouse, it can re-
sult in the formation of fungi (Koner and Challa, 2003). 
2. Objectives 
In this work we test a 'non-conventional' method for obtain 
water that could be used to water young trees by obtaining water 
from the air. The objective of the system reported herein is to ob-
tain the water required by some dry-climate woody crops to over-
come their critical growing stage. The method we propose is 
extracting water from air using the thermoelectric effect. The ther-
moelectric effect can be defined as the direct conversion of temper-
ature differences to electromotive force (EMF) and vice versa. 
When the effect is harnessed in the first direction, as in thermocou-
ples, it is called the Seebeck effect. When the effect is harnessed in 
the opposite direction it is called the Peltier effect. In our research 
we have used the Peltier effect with the goal of condensing air 
humidity. Unlike the passive dew condensers previously men-
tioned, our condensing system is an active one. Therefore, the con-
densing system consumes energy. To make the system 
autonomous, the electric current required by the Peltier modules 
is generated by a solar photovoltaic module (SPVM). Since the 
SPVM only generates during daylight hours, the electricity gener-
ated by the SPVM is stored in a battery. The main objective of 
the experiment is to evaluate the effectiveness of this method, 
the best conditions to operate it, and so evaluating: 
- The algorithm to control the system to optimize energy con-
sumption versus the water obtained. 
- The energy consumption in different conditions of relative 
humidity and air temperature. 
- The size of both the SPVM and the battery. 
3. Materials and methods 
3.1. Peltier effect and Peltier devices 
The Peltier effect consists of the application of an EMF to the 
junction of different materials, which results in a temperature dif-
ference. In the same EMF, semiconductors are more efficient than 
metals in obtaining a high temperature difference. In the junction 
of two different doped semiconductors, known as N-type and P-
type depending on the negative or positive valence of the doper, 
a cold and a hot side appear (Fig. 1). 
A Peltier module is made of many semiconductor unions in or-
der to achieve a high temperature difference between both sides of 
the module. The temperature difference will also depend on proper 
cooling of the hot side, otherwise heat will flow from the hot to the 
cold side and the device will not work correctly. The thermoelectric 
elements and their electrical interconnections typically are 
mounted between two ceramic substrates. The substrates hold 
the overall structure together mechanically and electrically insu-
late the individual elements from one another and from external 
mounting surfaces. 
Common Peltier module configuration includes from 32 to 256 
single unions, and will achieve a temperature difference of about 
70 °C when the hot side is at 50 °C (the cold side would be at 
-20 °C). The electrical power required by a 30 mm x 30 mm mod-
ule that reaches a temperature difference of 70 °C is about 20 W, 
while the required power for a 40 mm x 40 mm module is close 
to 80 W. Fig. 2 shows the typical in-series configuration of a num-
ber of single unions to form a complete Peltier module. 
3.2. Experimental system layout 
The final goal of the experimental system was to determine the 
effectiveness of an autonomous Peltier-effect-based system to ob-
tain water that help young trees survive. This goal entailed the 
need for devices which detect the Peltier modules energy con-
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Fig. 1. (a) The flow of charges through N-type and P-type semiconductors generates temperature difference across the junction, (b) To increase the effect, many single devices 
are connected in series. 
Fig. 2. Configuration of a number of in-series connections of single union devices to 
form a Peltier module. 
sumption and for undertaking a precise temperature control. A 
data acquisition board (DAQB) connected to a notebook computer 
was used. Furthermore, the notebook computer was used for mea-
suring the volume of water harvested and for recording the values 
of the ambient variables (namely, air temperature and relative 
humidity). A solar photovoltaic (SPV) power system was utilized 
in order to assess the autonomy of both the condenser and the 
computerized data acquisition. 
Fig. 3 shows the main parts of the experimental system devel-
oped, which consisted of: 
- An autonomous power source, comprised in turn of SPVM, bat-
tery, and battery charge controller, model Sunsaver MPPT, man-
ufactured by Morning Start. The SPVM used was a c-Si based 
module with a rated power of 145 W manufactured by Isofoton. 
The battery was a 12 V lead-acid battery with a capacity of 
102 A h, model 102 A BE1024 manufactured by Delphi Freedom. 
- A control system, and 
- The condensing system or condenser. 
Quantification of the volume of water harvested required peri-
odic visual inspection. To automate the task, a webcam was in-
stalled which recorded the water accumulated on an hourly 
basis. Further data analysis showed the relationship between the 
volume of water harvested and the electrical consumption. 
3.2.1. Control system 
The computer controlled the energy that reached the Peltier 
modules by means of digital outputs from a USB controlled data 
acquisition board. To control the power and measure the current 
that entered each Peltier module, a dedicated electronic circuit 
was developed. Power transistors switched the current which were 
controlled by a computer program. The program consisted of a 
closed loop strategy that took into account the temperature of both 
sides of the Peltier modules. 
The wiring diagram of the experimental system electronic con-
trol circuit is shown in Fig. 4. 
Once the Peltier modules are switched on, the control strategy 
is executed by the following: the duration of the Peltier modules 
"on" status is proportional (by means of the proportional action 
in a PID control) to the difference between the actual temperature 
of the condensing surface and the set-point temperature calculated 
by the software (Is, Eq. (3)). Its function can be compared to a PWM 
control. It must be pointed out that if the integral and differential 
parts of the PID control are not implemented, the steady state error 
will occur. Nevertheless, the proportional control met the precision 
standards for the purpose of this study. When the system was in 
the "on" state, the voltage of the battery was applied to the mod-
ules, passing through the power transistors and measured (using 
the shunt resistors of the test points in Fig. 4) by data acquisition. 
The flow chart of the LabVIEW program is shown in Fig. 5. An extra 
function was included in the program to control the temperature of 
the hot side of the condenser in order to avoid an exceeding high 
temperature that could damage the Peltier modules. 
3.2.2. Condenser 
The experimental condenser is represented schematically in 
Fig. 6, and an actual picture is shown in Fig. 7. The elements that 
formed the condenser were arranged in a wooden case, which 
Fig. 3. Experimental system layout. SW and HW are, respectively, the software and hardware of the control system. SPVM is the solar photovoltaic module. 
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Fig. 4. Simplified wiring diagram of the electronic control circuit. Test points and digital controls are connected to analog inputs and digital outputs of the National 
Instruments DAQ. 
Fig. 5. Simplified flow chart of the LabVIEW program that controls the system. 
safely enclosed the machine. The wooden case was placed in a me-
tal case (not depicted in Fig. 6) to protect the entire condenser. 
The wooden case was divided in two chambers: The cold cham-
ber ('2' in Fig. 6), where the condensation occurred, and the hot 
chamber ( T in Fig. 6). Both chambers were separated by the frame 
or structure containing the Peltier modules (3). The hot chamber 
requires a fan (4) to reduce the temperature by air flowing through 
holes at the top of the chamber (5). In the cold chamber the air in-
let aperture can be modified, (6) depending on the air flow needed. 
Once the air has been cooled and dried, it will flow out through the 
perforated bottom (7). To determine the dew point temperature, it 
is necessary to use an air temperature sensor (8) and a relative 
humidity sensor (9). Once the water is condensed on the cold sur-
face, it is drained into a vessel (10). 
3.2.2.1. Peltier modules and heat dissipation. A major pitfall in a 
cooling system based on the Peltier effect is the temperature of 
the Peltier module hot side. If the temperature of the hot side 
reaches the melting point temperature of the solder, the Peltier 
module will be destroyed. If the temperature of the hot side equals 
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Fig. 6. Condenser case. Numbers correspond to: (1), hot chamber; (2), cold chamber; (3), frame with the Peltier modules embedded; (4), fan; (5), perforated top; (6), 
adjustable lateral board; (7), perforated bottom; (8), cold chamber air temperature sensor; (9), relative humidity sensor; and (10), vessel. 
that of the cold side, the cooling effect will not occur. Therefore, 
heat must be dissipated and a precise temperature control must 
be performed. 
The main element for dissipating the heat was a low-thermal-
resistance aluminum heat sink based on a configuration that al-
lows maximum air flow through the hot surface. The two Peltier 
modules were embedded inside a thermal isolating structure to 
avoid heat transfer from the hot side to the cold side. The temper-
ature of the hot side was monitored by means of a thermocouple to 
avoid reaching the melting point temperature of the Peltier mod-
ules. Thermal resistance of the heat sink was 0.08 °C/W. The outer 
dimensions of the heat sink were 101.6 mm x 100 mm x 32 mm. 
Fig. 7. The experimental condenser. 
Thermally conductive silicone grease was used to reduce thermal 
resistance of the contact between the hot side of the Peltier mod-
ules and heat sink. To reduce the temperature further, a 6 W/12 
VDC fan was installed that generated an air flow throughout the 
heat sink. 
3.2.2.2. Dew point temperature calculation and temperature con-
trol. In order to use the exact energy to condense water, a precise 
control of the temperature of the cold side must be performed. 
Three thermocouples were used and their average temperature 
was calculated every 10 ms to control the electrical energy trans-
ferred to the condenser. The temperature of the cold side was quite 
homogeneous due to the attachment of an aluminum surface. This 
surface was covered with an anti-moisture liquid manufactured by 
Proquimetal, to reduce the water tension and improve condensed 
water run-off. 
Data from the sensors were read from a data acquisition board 
connected to a notebook computer and running a program devel-
oped with LabVIEW®. The dew point temperature was calculated 
according to Eq. (1): 
rdp = y ^ - ( i i 2 + o.9-ra) + o.i-ra-ii2, (i) 
where 7"dp, (°C) is the dew point temperature, Hr, (%) is relative 
humidity and Ia (°C) is the temperature of the air moisture to be 
condensed, i.e. the air in the cold chamber. 
For example, for Hr = 10% and ra = 25 °C, rdp is -8.77 °C, 
whereas for Hr = 90% and Ta = 50 °C, Tdp is 47.90 °C. 
LabVIEW is an adequate tool to create programs to control pro-
cesses and obtain data (data logging). LabVIEW programs are used 
to control processes that involve temperature and humidity (Spe-
etjens et al., 2008) or even data acquisition that includes images. 
3.2.3. Water harvester 
There are some patented systems that use Peltier modules to 
condensate water from the air (Biancardi, 1982; Smith, 1984; Zol-
nier et al. 2000; Zhang, 2003; Hatamian and Ghalebi, 2007). 
Fig. 8. The proposed solution to harvest the water before it converts to water vapor. 
(1) Peltier modules structure, (2) slide, (3) condensing surface. 
However, most systems do not use computer-based control and 
the ones that use it do not have a method to prevent water evap-
oration before it can be harvested. 
According to the results of the experiment, two conditions that 
impede a system which obtains water from the air include the heat 
and dryness of the air. Water transforms to its gaseous state if it is 
not harvested immediately. The solution consists of a slide that 
helps the condensed water to be harvested from the cold side of 
the condenser before it passes back to vapor state (Fig. 8). 
The slide would cover the cold surface in order to prevent evap-
oration and would direct water to the root of the tree (Munoz-Gar-
cia et al., 2012). 
3.3. Data acquisition 
According to Fig. 5 the program in the notebook registered the 
temperature of the different parts, the ambient variables (Ia and 
Hr) and the system energy consumption, in addition to controlling 
the condenser system. Moreover, the volume of water harvested 
every hour was manually measured, and supported by a webcam 
that took a picture of the graduated cylinder every hour. The mea-
surements of the consumption of the Peltier modules and the envi-
ronmental data (temperature and relative humidity) were read by 
the program using two DAQBs manufactured by Measurements 
and Computing. 
System energy consumption data as registered by the notebook 
computer was compared to the data stored in the memory of the 
battery charge controller accessed via the device display. 
4. Results and discussion 
The experimental system was tested in September 2010. The 
following data was registered daily: air temperature and relative 
humidity, electrical energy generated by the SPVM, system energy 
consumption, and the volume of water collected hourly. 
Hereinafter, we define temperature difference (TD) as the dif-
ference between air temperature, Ia (measured with sensor '8' in 
Fig. 6) and the temperature of the condensing surface, Ts (calcu-
lated as the average of measurements delivered by three thermo-
couples). Mathematically, 
TD = ra - rs (2) 
TD is an important parameter that is considered in other related 
applications such as thermoelectric coolers and its maximum de-
pends on the chosen Peltier module (Chatterjee and Pandey, 
2003). Using the signals from the sensors, the software calculates 
Id p (Eq. (1)) and ensures that Ts reaches a temperature equal to 
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Fig. 9. Relationship between temperature difference (TD) required for dew formation and air temperature (Ta) and relative humidity (Hr). 
Table 1 
Temperature difference (TD, °C) for recommended thresholds of air temperature (Ta) 
and relative humidity (Hr). 
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Fig. 10. Energy consumption (Wh), volume of condensed water (mL), relative 
humidity (Hr, %) and air temperature (Ta, °C) versus temperature difference (°C). 
rdp minus a constant of 4 °C. The temperature constant is needed to 
account for some small extra consumption, thereby guaranteeing 
that condensation will effectively occur. Mathematically, 
Ts = Tdp - 4 (3) 
Using the set-point temperature (7"s) and the cold side temper-
ature, the program determines the time the Peltier modules must 
be connected. 
To minimize energy consumption, water harvesting operation 
was restricted to nocturnal hours, particularly between 05:00 AM 
and 08:00 AM. Fig. 9 represents the required TD for a given Ia 
and Hr. According to Fig. 9, optimal conditions should be within 
the range shown in Table 1. 
Fig. 10 shows a reverse relationship between relative humidity 
and condenser energy consumption. As Hr increases, energy con-
sumption decreases and conversely, lower Hr is associated to high-
er energy consumption. However, there is a practical limit. When 
Hr is too low, the volume of water condensed is negligible, regard-
less of the amount of energy supplied to the Peltier modules. 
According to Fig. 9 and Fig. 10 when Hr is lower than 20%, the tem-
perature difference necessary to obtain water would be more than 
20 °C in all the cases, which could not be reached by this system. 
For example, a TD of 15 °C required approximately 60 W of 
power (60 W h of energy in 1 h) and the corresponding water vol-
ume collected in 1 h ranged from 2 mL to 4 mL, depending on Ia 
and Hr during the night (Fig. 10). Taking into account that a PV 
module of 30 W is able to supply up to 180 W h on a sunny sum-
mer day, we hypothesize that such a PV module would have the 
capacity to generate the energy required to condensate around 
10 mL of water. As the experiment was carried out in Madrid, 
where the summer is dry and hot, it is expected that the water ob-
tained in ideal conditions would require less energy. 
5. Summary and conclusions 
An experimental autonomous active dew condenser based on 
the thermoelectric effect and powered by solar photovoltaic energy 
has been designed and tested. The desired outcome of the system 
is to maximize the volume of condensed water while energy con-
sumption remains at a minimum. The following conclusions can 
be drawn: 
- The morning hours between 05:00 AM and 08:00 AM were 
found to the best period of the day for collecting water. 
- Water condensation in the experimental system developed is 
not practical for air relative humidity lower than 20% (even in 
the morning). 
- A key aspect of the experimental system is the natural tuning 
between the energy supply and the water demand. Thus, in 
the drier periods with maximum irrigation levels, the solar 
energy collected reaches a máximum as well. In such condi-
